
































Submitted in partial fulfillment of the requirements  
for the degree of Master of Science in Nuclear, Plasma, and Radiological Engineering 
in the Graduate College of the 










 Professor David N. Ruzic, Chair 






Advancement of technology in the semiconductor industry is dependent on cost-effective 
manufacturing of integrated circuits. Novel methods are currently being investigated for the 
limiting step, lithography, to cut costs and drive innovation. The current standard lithography 
technique utilizes a 193 nm excimer laser and complicated techniques to reduce this wavelength 
including multiple patterning and immersion lithography. The leading technique for next 
generation lithography is extreme ultraviolet (EUV) light at the 13.5 nm wavelength. Shifting to 
this wavelength from the current industry standard of 193 nm allows an increase in resolution 
without the reduction in depth of focus present in immersion lithography. It would also cut back 
on the number of steps needed, increasing its cost-effectiveness compared to multiple patterning. 
EUV light is created by a laser-produced plasma as opposed to an excimer laser. This change in 
photon generation brings a new problem of energetic ions and neutrals that can damage the optics 
in the system.  Understanding the transport of this debris is fundamental to creating an effective 
debris mitigation technique. 
This work investigates the plasma transport both theoretically and experimentally. An 
ambipolar diffusion model was developed and used to predict the expected peak diffusion times at 
various pressures and distances from the source plasma. The momentum cross-sections used in 
this model were derived using the method proposed by Ruzic [1]. The interaction of each plasma 
component with the background gas is hypothesized and secondary plasma development is 
predicted. The photons travel out first but are not expected to contribute to any secondary plasma 
via photo-ionization or photo-electric effect. The electrons, both fast and bulk, are not expected to 
contribute to any secondary plasma in this work but may do so at industrial conditions. The ions 
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are expected to slow significantly due to collisional processes. They also will transfer charge 
readily to the background, creating low energy ions and high energy, forward scattering neutrals. 
The predictions are then evaluated by comparing to triple langmuir probe data. The XTS 
13-35 EUV source is used as the plasma source. Two different pinch gases, argon and nitrogen, 
are utilized to examine the trend with projectile ion mass. Pressure is ramped to examine the trend 
with background collisions. As expected, at higher pressures the diffusion time elongates, 
accounting for increased collision frequency. Increasing the pressure from 10 mtorr to 1 torr 
decreases the diffusion coefficient and mobilities of the plasma by two orders of magnitude, which 
in turn causes the diffusion time to increase by a factor of 15. A similar trend is apparent with 
increasing distance from the pinch, as an increased number of collisions is expected. With plasma 
lifetimes exceeding a millisecond at industrial pressures, it is expected that in a commercial EUV 
system there is a constant background of plasma from previous pulses. This constant background 
showcases the need for the characterization undertaken in this work. 
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CHAPTER 1: INTRODUCTION 
 
 Semiconductor processing is one of the largest industries in the world. Every year billions 
of dollars are made and spent on producing microchips, memory and other electronic components 
that make up modern technology. The building block for those components is the transistor. In the 
early years of the semiconductor industry, Gordon Moore (co-founder of Intel) predicted that the 
number of transistors on an integrated chip must double every two years to keep up with demand 
and technological advancement. With the push for the Internet of Things (IoT), transistors must 
continue to scale down to continue Moore’s law. Current transistor feature sizes are as small as 10 
nm. At such a small scale, the only way to form the transistor connections is to etch away the base 
material (typically silicon), forming trenches, and fill the trench in with secondary material through 
plasma processes.  
 To decrease feature sizes, and thus increase the number of transistors you can put on the 
same sized chip, different processes must be used. Traditionally these transistors are made using 
many individual steps of lithography, etching and deposition. Lithography uses light and a special 
stencil called a photomask to create patterns on the wafer. These patterns are then etched to create 
trenches in each layer. Etching can be done using wet (chemical) or dry (plasma) processes. 
Deposition uses a vapor to deposit material onto the substrate and fill in the trenches, for example 
with a conductive material such as copper. This can be enhanced using a plasma as well. 
Ultimately, the limiting step for the feature size on a wafer is lithography. 
The feature size is typically limited by the wavelength of the photons used as the light 
source. The modern lithography process is done using immersion lithography with an Ar:F 
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(argon:fluoride) excimer laser in the deep ultraviolet (DUV) spectrum. This laser’s wavelength is 
193 nm. It can be reduced by immersion lithography or by multiple patterning steps. These extra 
steps to reduce the wavelength down to the 10’s of nm needed today are both costly and time-
consuming, resulting in development of a next generation lithography technique to directly create 
lower wavelength photons.  
 The next lithography process has been dubbed extreme ultraviolet (EUV) lithography as 
photons are in the EUV region. This technology has been in development for decades and has just 
recently begun to be incorporated into high volume manufacturing (HVM) for certain lithography 
steps that are too costly to perform using quadruple patterning. There are still difficulties to be 
sorted out before EUV is used at every step of lithography including pellicle development, mask 
defect minimization, and source downtime.  
 EUV light is not created directly by a laser but is instead formed by a plasma. Molten tin 
(Sn) is hit by a powerful laser creating a laser produced plasma (LPP). As this ionized Sn de-
excites, it releases photons at 13.5 nm which are collected to be used for lithography. In order to 
obtain HVM relevant EUV power, the LPP is operated in the kHz range. 
  Source downtime is largely due to the replacement of the contaminated collector optic. 
After the Sn plasma expands and relaxes, the molten tin deposits on the walls and mirror. While 
the Sn droplet is only 30 microns in radius, after 100 gigapulses the accumulation results in a 
reflectivity drop of 40% (Figure 1.1) [2]. In a chain of 10 mirrors this results in large EUV power 




Figure 1.1: Collector degradation as a function of CO2 laser gigapulses as provided by ASML at SPIE Advanced Lithography 
2016. As EUV source power increases, collector degradation decreases due to increased secondary plasma density 
(hypothesized). Taken from reference [2].  
 To mitigate debris, large gas flow (100s liters per minute) is utilized to direct Sn away from 
the collector after it relaxes. Industrial pressures are relatively high (~1 Torr) to decrease 
momentum of energetic debris. The obvious consequence is that the Sn plasma now loses 
momentum and energy, but this increases lifetime in the vessel. For operation of this LPP to push 
to 100 kHz and beyond, any increase in lifetime can create undesirable transport phenomenon or 
reduce debris mitigation effectiveness.  
 This thesis will seek to understand the transport of a single plasma pulse in a collisional 
background pressure relevant to industry. Background information on the XTS 13-35 plasma 
source is provided for later comparison to the industrial LPP. Ambipolar diffusion theory and 
subsequent modifications are detailed. By understanding the transport, the lifetime of such a 
plasma can be predicted and then experimentally measured with a triple Langmuir probe 
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diagnostic. Various conditions are swept over to ensure the theory is valid including different 





CHAPTER 2: BACKGROUND 
 
2.1 OPTICAL LITHOGRAPHY OVERVIEW 
 
 As mentioned earlier lithography transfers the desired design to the silicon wafer. Optical 
lithography has been in use for many years in high volume manufacturing. The process involves 
coating the wafer with a photosensitive material called a photoresist (PR). Using the mask, only 
certain areas of the PR are exposed to light. The next step is “development” of the photoresist. A 
positive photoresist has had a photochemical reaction occur that allows the exposed section to be 
removed by the developer. A negative photoresist becomes resistant to the developer. This process 
is shown in Figure 2.1. The remaining photoresist acts as a shield to the plasma etch. The plasma 
chemistry is chosen such that the substrate etch rate is significantly higher than the photoresist etch 
rate, allowing the pattern to be transferred to the wafer. Ultimately the photoresist is removed with 




Figure 2.1: Positive and negative pattern development through projection lithography. These are the two ways to pattern photo-
resist in modern lithography design processes. Taken from reference [3] 
 The mask is a patterned object that only allows the photons to travel in the desired pattern. 
It may seem like the limiting factor, but these masks are fabricated using electron beam lithography 
[4]. While e-beam lithography has very high resolution capabilities, and thus can print very small 
features, it can only expose a small area and is too slow for HVM. 
In the end, the size of the pattern is dependent on the wavelength of the light. This light 
source (and subsequent wavelength) has evolved over the history of semiconductor processing. 
Manufacturing started with mercury arc lamps that emitted 436 nm (g-line), moving to 405 nm (h-
line) and 365 nm (i-line). Excimer lasers were the next light sources encompassing 248 nm (KrF) 




In the next sections it will be shown that not only is the feature size dependent on this 
wavelength, but it is the limiting factor in the resolution and depth of focus. This fact alone is what 
has driven the research and development of EUV lithography tools.  
 
2.1.1 Resolution and Depth of Focus 
  
 A more in depth look into how wavelength affects feature size can be taken by investigating 
resolution and depth of focus. The resolution defines the minimum size that a feature can be to be 
printed. Mathematically this is represented in Eq. 2.1. R is the smallest resolvable half-pitch 
between features. The pitch is defined as the center-to-center distance of a repeating pattern, in 
this case it is a measure of how densely packed features are on a wafer. The wavelength of light is 
𝜆. k1 is a constant that is a combination of photoresist factors and “resolution enhancement” 
technologies such as phase-shifting masks and off-axis illumination [6]. NA stands for numerical 
aperture and is inherent to the lens system used by the lithography tool. It is defined in Eq. 2.2 
with n being the refractive index of any material between the final lens and the wafer, and θ is the 
half-angle formed by the photons incident on the wafer. 
𝑅 =  𝑘1
𝜆
𝑁𝐴
       Eq. 2.1  
𝑁𝐴 =  𝑛sin(𝜃)      Eq. 2.2  
 By just analyzing Eq. 2.1 there are three options to decrease resolution. While decreasing 
wavelength is the most expensive option, requiring development of new light sources, it is also the 
only option left to industry. Decreasing k1 was a topic of research and it is important to minimize 
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this when developing new photoresists. Unfortunately, the physical limit is 0.25 and modern 
sources operate as low as 0.28 [6]. The other option was to increase NA, but it has influence on the 
depth of focus restricts modification. To increase it the lens can be made larger, increasing theta, 
or the refractive index of the medium can be increased, such as with immersion lithography (to be 
discussed later).  
 Depth of focus (DOF) comes into play due to the three-dimensional nature of the trenches. 
This figure of merit quantifies the depth of the photoresist that photons can penetrate while 
remaining in focus. Standard features are largely anisotropic meaning the depth is much greater 
than the width of the trench. With a low DOF the photons cannot image the bottom of the trench 




      Eq. 2.3  
In this equation, k2 is another process dependent parameter. It is evident that the quadratic 
dependence on NA in the denominator limits its increase for resolution enhancement since a large 
DOF is equally as important. The conclusion to draw is that wavelength reduction is the solution 
to decrease feature sizes once the limits of NA and process dependent parameters has been reached. 
2.1.2 Beyond 193 Nanometer Lithography 
 
 While the smallest of transistors are made using 10 nm half-pitch, industry is still 
accomplishing this using193 nm light sources. The techniques that allow this are immersion 
lithography, mentioned earlier, and multiple patterning [7] [8].  
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 Increasing the NA of the system to its limit has been done by changing the final medium 
between the projection optics and wafer. By using a high-n material (such as water) the numerical 
aperture increases and the resolution decreases for the same wavelength and k1. This is illustrated 
in Figure 2.2. The drawback for immersion lithography is that the limit has been reach (36 nm) 
with current high-n materials.  
 
Figure 2.2: Immersion lithography system. The stand projection optics train is suspended over a thin sheet of water that is over 
the wafer. This water, with its change in refractive index, enables a decrease in patterning wavelength. Taken from reference [9] 
 Multiple patterning does not involve changing any parameters in the system. Instead, it 
introduces extra steps. Double, triple and even quadruple patterning are being used in industry 
today, each additional step being increasingly costly [10].  
 Looking at only double patterning, there are two different approaches. The first is called 
Litho-Etch-Litho-Etch (LELE) due to the two lithography and etch steps required to form the 
pattern. The first and second hard masks combine to achieve a pattern that has a resolution smaller 
than what can be done traditionally. This process is shown on the left of Figure 2.3. The second 
approach is called self-aligned double patterning (SADP). An additional material is deposited 
called a spacer. This spacer deposition is designed to have thin sidewalls so that once the spacer 
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etch is completed the pattern has a half-pitch smaller than what could have been achieved. SADP 
is illustrated on the right of Figure 2.3. 
 
Figure 2.3: LELE (left) and SADP (right) illustrations. These are two of the most expensive and time-consuming processes in 
modern chip manufacturing. The introduction of EUV would significantly simplify this and reduce overhead costs. Taken from 
reference [3] 
 LELE needs separate masks, a significant manufacturing cost. In addition, the processes 
are very sensitive to overlay errors. An overlay error would occur if the mask of the second 
exposure is aligned with the wafer any differently than compared to the first exposure’s mask. 
Consequentially as the number of patterning steps increases beyond double patterning, these errors 
become increasingly difficult to manage. SADP only requires one lithography step, but has the 
additional spacer growing and trimming steps. It also requires all features to have the same 





2.2 EXTREME ULTRAVIOLET LITHOGRAPHY OVERVIEW 
  
 To achieve sub-36 nm features with a single exposure the wavelength of the photons used 
must be decreased. Extreme ultraviolet lithography (EUV) uses 13.5 nm photons to further reduce 
resolution. Doing this in one step allows for less error, fabrication time and ultimately cost. 
According to Samsung in Figure 2.4, the production cost per wafer would decrease by half from 
second generation double patterning to EUV at 100 wafers per hour (WPH) throughput.  
 
Figure 2.4: Samsung compares double patterning and EUV costs per wafer. EUV significantly reduces the manufacturing cost. 
Taken from reference [11] 
 Unfortunately, the reduction in wavelength from 193 nm to 13.5 nm introduces its own set 
of problems. EUV is easily absorbed by all materials, even air, requiring high vacuum systems to 
enable EUV transmission [12]. The optic chain must also be modified from a series of lens to a 
chain of reflective mirrors, as this is the only way to direct the EUV radiation. Another important 
change in the lithography system is the lack of an EUV transparent pellicle to protect the collector 




2.2.1 EUV Plasma 
 
 An EUV photon of 13.5 nm corresponds to 92 eV of energy. To create a photon with energy 
of this magnitude, an ion is needed to reach a possible state for photon generation. Not only an 
ion, but a highly ionized one. Therefore, a plasma is needed to create these photons compared to 
the lasers used previously. The fuel of choice for industry is tin (Sn) as it generates EUV when it 
relaxes from the 8+ to 12+ ionization states. Other possible fuel choices, xenon and lithium, were 
considered but they did not generate enough photons compared to Sn. Xenon is also much more 
expensive of a fuel to use. Lithium, on the other hand, generates highly reactive debris that is 
troublesome in a vacuum system. [13] 
 The EUV is created using a laser produced plasma (LPP). This involves taking a material 
and hitting it with a high-power laser. The Sn is melted into a liquid to introduce droplets into the 
system. The droplet is then hit by a “pre-pulse” laser, flattening the droplet into a disc-like shape. 
This disc is larger, providing an easier target for the second, more powerful laser pulse that creates 
the plasma. It also increases the conversion efficiency (CE) of the plasma, or the amount of EUV 
power generated compared to the power put into the plasma. 
 As of this thesis, the conversion efficiency of the current generation of EUV sources is less 
than 6% [14]. The majority of energy is used to create out of band radiation (undesired photons 
out of the EUV band) or energetic ions and neutrals.  Due to this low CE, the LPP is run at 10s of 
kHz to generate enough photons for HVM. To increase EUV power, this frequency is generally 
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increased as well. The generation of so many energetic ions and neutrals becomes a problem to 
the collector optic. 
2.2.2 EUV Optics 
 
 As mentioned earlier, 13.5 nm light is absorbed by all materials. To direct the light, 
multilayer mirrors (MLM) have been developed and employ Bragg reflection. Utilizing 40 bilayers 
spaced at half the requisite wavelength of the light to be reflected, these MLMs are built using 
alternating layers of silicon (Si) and molybdenum (Mo). The layers are designed this way in order 
to optimize the constructive interference at the material interfaces, thus maximizing the reflection 
according to Bragg’s law [12, 15]. Concerns with these mirrors include oxidation of the top Si 
layer and interdiffusion between the layers. A thin layer, approximately a few nm, of Ru is 
deposited on the topmost layer of the mirror for its great resistance to oxidation [16]. Intermixing 
in the bilayer is primarily and thermally driven effect, leading to the direct cooling of the mirrors 
in the presence of a thermal load. 
 There are more than ten mirrors that direct light from the EUV source to the wafer (Figure 
2.5). Bragg reflectors inherently absorb a percentage of the light that passes through the bilayers 
with current mirrors offering up to 75% reflectivity. Assuming 100 W of EUV photons generated 
in the source and 10 mirrors until the wafer, the wafer only sees up to 5.6 W. Now, if there was 




Figure 2.5: This is a picture of the ASML EUV scanner. There are upwards of ten mirrors in the scanner alone. The light comes 
from the EUV source and bounces off each Bragg reflector. Each of these mirrors has, at most, 75% reflectivity resulting in a 
power loss from source to wafer. Figure taken from [17]. 
 The first optic in the chain of mirrors is called the collector. The collector is exposed 
directly to the EUV plasma and is the most critical piece in delivering EUV power to the wafer. 
The ions and neutrals from the LPP cause collector contamination, degrading the reflectivity and 
reducing the “lifetime” of the collector in the tool. This degradation can be caused by sputtering, 
implantation, or deposition. As energetic particles impact the surface, they can sputter the Ru 
capping layer. This exposes the underlying Si to potential oxidation. Implanting particles result in 
changes to Bragg’s law, lowering reflectivity of the collector, as well as heating the bilayers 
leading to interdiffusion. Even lower energy particles that land on the surface will impact 
reflectivity, absorbing incident and reflected photons.  
 Debris mitigation has been a large effort in the past. Slowing down or redirecting the 
particles allows for minimization of collector contamination. While magnetic mitigation can 
eliminate the fast ion flux to the collector [18], the neutral debris is left unaffected. The chosen 
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method for debris mitigation is a buffer gas curtain consisting of hydrogen. Hydrogen is preferred 
due to its high EUV transmission. This buffer gas slows down ions and neutrals alike, potentially 
deflecting them away from the collector and has been shown to be quite effective [19].  
 As EUV power and LPP frequency increase, larger fluxes of energetic debris travel through 
the system. The large amounts of buffer gas slow down this debris, potentially causing interactions 
between subsequent plasma pulses. The aim of this thesis is to understand how this plasma travels 
through the buffer gas and to discern whether these pulses can be considered independent or not. 
Greater understanding of the debris transport will allow for better debris mitigation and ultimately 
increase collector lifetime.  
2.3 Z-PINCH OVERVIEW 
 
 The fuel used by the industry currently is Sn. It requires ionization states from 8+ to 12+ 
to emit EUV photons. It has been found that a plasma with an electron temperature of 30 eV and 
densities greater than 1020 cm-3 are needed to produce these ionization states in sufficient quantities 
for EUV light production. A Z-pinch can be used to make such a plasma. When this plasma is 
generated only about 5% of the total input energy is converted to EUV light. The rest of the power 
heats up the gas, creates photons that are outside the EUV spectrum (also called out of band (OOB) 
radiation), and generates high energy electrons, ions and neutrals.  
 The Z-pinch operates using the Lorentz force to compress the plasma as illustrated in 
Figure 2.6. The process begins by first pre-ionizing the gas inside of the cylindrical cathode. Then 
a large capacitor bank discharges into the pre-ionized gas, creating a current in the Z direction. 
This is what gives it the name “Z-pinch” as opposed to a “theta pinch” with current in the theta 
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direction or “screw pinch” which has both z and theta currents. The pinch aspect comes into play 
when the current induces a magnetic field, compressing the plasma and heating it further. Finally, 
the capacitor bank discharge finishes allowing the plasma to expand out, emitting light and plasma 
into the chamber.  
 
Figure 2.6: Illustration of the various processes involved in producing an EUV-generating Z-pinch plasma. First there is a 
preionization of the pinch gas. Next the capacitor discharge creates an induced z current and radial pinch. With no magnetic 
field the plasma is able to expand out of the pinch volume and release photons. 
2.4 PREVIOUS WORK 
 The work detailed in this thesis is meant to show that ambipolar diffusion is the dominant 
mechanism for plasma transport of a high-density plasma (such as an LPP or Z-pinch) traveling 
through ambient background. Previous work on the pinch debris and plasma characteristics has 
been carried out at the Center for Plasma-Material Interactions [20] [21] [22]. Some of these works 
have focused on the measurement of ion/neutral energies that emanate from the pinch. An example 




Figure 2.7: Energetic flux measurements of neutrals (a) and ions(b). The particle flux out of the pinch with energies greater than 
100 eV is mostly neutral with even 2 mTorr of background gas. These pinches were with N2 as the pinch gas and thus the highest 
peak for neutral flux is argon. A target mass similar to the incident mass means more efficient energy transfer during collisions. 
Figure taken from [20]. 
Previous works used background pressures of helium, neon, and argon from a few mTorr to 22 
mTorr of pressure. Compared to industrial systems that use over 1 Torr of hydrogen, this data in 
insufficient. It was unknown how an EUV-capable plasma interacts in a highly-collisional regime 
as it expands into the chamber volume. Work was also done to determine if any secondary plasmas 
or sources of electrons were being measured, but again this was at a much lower pressure with 
different background gases.  
 In particular, reference [20] looked at the EUV core plasma expansion, photoionization, 
ion impact ionization, and electron ionization to determine relevant contributions to peaks in the 
triple Langmuir probe traces. This thesis performs similar calculations as a comparison to the 
reference. The majority of the main peak was attributed to the expanding EUV generating plasma 
from the pinch into the larger chamber. A back-calculation from the main chamber to the pinch 
using the measured main peak density lead to 1020 cm-3, right in the middle of the EUV generating 
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regime 1019-21 cm-3. The author then took the first couple of peaks and did the same calculation 
and found 1021 cm-3, leading the author to believe that the majority of the trace was just expansion 
of the EUV core plasma. 
 
Figure 2.8: The photoionization of He, Ne, and Ar gas as a function of photon energy for the applicable DUV range of 10-125 
eV. Figure taken from [20].  
 The photoionization, ion-impact and electron-impact contributions were then analyzed to 
ensure the previous conclusion was correct. Using photo-ionization cross sections from Figure 2.8, 
the following table was created to estimate the contributions. The contributions were two orders 
of magnitude less than what was observed. Even at the highest pressure, 22 mTorr, using Ar buffer 




Table 2.1: Estimated photoionization contributions to electron density for various gases and pressures. The densities are 
significantly smaller than the density observed with the TLP. Table taken from [20] 
 
Next the ion-impact ionization was looked at as a possible source of density. Taking 
values measured with no buffer gas present in  Table 2.2 the resulting ion-impact ionization 
densities were significantly lower than what was recorded. A source of error is that there were no 
ion-atom ionization cross-sections found for any gas other than Ar. It is thus impossible to 
compare ionization to charge transfer or momentum transfer cross sections. An attempt at this 
was made later in the fast ion theory section of this thesis. 
Table 2.2: Measured ion and neutral flux with no buffer gas present. The 0.36 m is from the front of XCEED, so 0.72 m total from 
the pinch. Table taken from [20] 
 
The photo-electric effect was found to be a very small contribution (1E4 cm-3 too low). 
This was also evaluated in this thesis in the photon theory section and a similar conclusion was 
found. Finally, the author in the previous work did not believe that electron contributions were 
large enough to warrant a calculation. While at pressures below 22 mTorr this assumption may be 
correct. This thesis shows, in the fast electron theory section, that pressures close to what is used 
in industry the electron contribution cannot be ignored. 
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Other works looked at the plasma itself to understand where the high energy ions are 
created. An illustration of this phenomenon is given in Figure 2.9, albeit with hydrogen impurities 
added to illustrate how low atomic mass impurities can act as a “buffer” and reduce the electric 
field the main pinch gas, in this case xenon, sees. When fast electrons leave the pinch, they leave 
behind a large number of ions. While the ions can be accelerated by the ambipolar electric field 
that develops, another phenomenon called the “coulomb explosion” occurs. The pinch ions are 
bunched and feel a strong coulombic repulsion that helps accelerate them to keV energies in an 
extremely short amount of time. This previous work helps to inform the current work regarding 
high energy ion and electron transport.  
 
Figure 2.9: Depiction of the acceleration process the pinch plasma undergoes once it expands from the initial pinch volume. The 
electrons escape first drawing any light ions, in this case hydrogen, forward. The trailing electrons from the bulk plasma are the 
accelerated by these high energy ions. Finally, the bulk ions are pulled by the trailing electrons. If there were no hydrogen/light 
ions present in the pinch, the ions would accelerate using the E0. Figure taken from [21].  
2.5 AIM OF PRESENT WORK 
 The goal of this thesis is to determine the main mechanism behind EUV plasma transport 
in industrial machines. This is achieved by using an XTS 13-35 Z-pinch as the EUV plasma source 
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attached to the XCEED diagnostic chamber. Triple Langmuir probe measurements are taken at 
different axial positions and pressures to properly measure the pinch expansion and behavior as a 
result of collisions. Relevance of various secondary plasma formation mechanisms at industrial 
pressures will be discussed and analyzed. 
 A theoretical model is developed that accounts for ambipolar diffusion, a mixture of gas 
species and the forward scattering nature of the high energy particles that emanate from the Z-
pinch. This model outputs diffusion times associated with the bulk plasma peaks. These times will 
be compared with the experimentally measured peak arrival times (transport time to the probes). 
Finally, conclusions will be drawn as to the major contributors to the plasma transport at various 
pressures and the implications for industry.   
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CHAPTER 3: EXPERIMENTAL SETUP 
 
3.1 XTS 13-35 EUV SOURCE 
 
 The Center for Plasma-Material Interactions was gifted an XTS 13-35 EUV source from 
XTREME Technologies GmbH in 2004. The XTS 13-35 is a DPP designed to utilize gaseous Xe 
to produce 35 W of 13.5 nm light operating at 1 kHz [23]. It has a conversion efficiency of 0.55% 
with Xe. In this thesis the source was operated with Ar and N2 to examine the effect species has 
on the pinch lifetime. They provide similar density and temperature plasmas to Xenon while being 
much more economical. The frequency was kept at 1 Hz to adequately capture the transport of 
each pulse individually. The DPP operates in the manner described in section 2.3 to create a 30 eV 
plasma with energetic ions and neutrals expanding from the source to the XCEED chamber.  
 







 To measure the debris that comes out of the XTS 13-35 source, a chamber was 
commissioned from Kurt J. Lesker in 2004 [24]. It was named the XTREME commercial EUV 
emission diagnostic (XCEED) chamber and connects directly to the EUV source. XCEED has a 
radius of 46 cm and a length of 35 cm. As shown in Figure 3.2 the chamber has many ports 
available for diagnostics. The center angular ports are of particular interest, each 72 cm from the 
pinch, and cover a wide range of angles to analyze the pinch debris.   
 
Figure 3.2: A CAD drawing of XCEED is shown. In the black box are the angular ports which view the pinch directly. The top 
down view shows these ports and the angles of each. 
3.2.1 Pressure and Gas Flow Systems 
 
 High vacuum in XCEED is obtained using two stages of pumping: a dual-stage dry pump 
and a turbomolecular pump. The dry pump is an Edwards iH600 chosen specifically for its ability 
to pump 10 L/min of H2 at 1 Torr, enabling relatively high flow rates at industry relevant pressures. 
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This dry pump achieves a steady state base pressure of 5x10-3 Torr when pumping the chamber 
directly. While this pump alone can be used for the experiments in this thesis, gas purity is 
important for properly measuring partial pressures and predicting the collisional dynamics. Thus, 
an Osaka turbomolecular pump is used as the final stage of pumping. It is attached to the upper 
right ISO250 flange in Figure 3.2. Base pressure with this turbo is 9x10-7 Torr.  
 Gas is introduced from the pinch inlet and buffer gas inlets. The pinch inlet is connected to 
an MKS mass flow controller capable of 1 L/min of flow for N2 and Ar, the gases used. A constant 
flow of pinch gas is utilized in each experiment to maintain a partial pressure of 10 mTorr of pinch 
gas. This corresponds to about 700 sccm of pinch gas flow. While less pinch gas would be ideal 
to better examine collisional effects with the background hydrogen, and more representative of an 
LPP, this flow is necessary for the pinch to operate steadily and reliably.  
Hydrogen is used in the buffer gas inlets to obtain a steady state background pressure 
similar to what an LPP would travel through in an EUV source. The buffer gas inlet is 
perpendicular to the angular ports and z pinch inlet across the face of the XTS 13-35/XCEED 
interface. The inlet is connected to a 10 L/min H2 mass flow controller.  
3.3 TRIPLE LANGMUIR PROBE 
 
 To measure the plasma parameters of a typical discharge, a Langmuir probe is routinely 
used. This diagnostic requires a voltage sweep of the probe tip to capture the discharge 
characteristics. The Z-pinch plasma lifetime is on the order of tens of microseconds to a 
millisecond. While a voltage sweep can be performed in the microsecond range, sufficient time is 
needed for electrons and ions to respond to the potential. It is also assumed that the plasma is 
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steady state, or its parameters are constant over the duration of the voltage sweep. This is not the 
case in an expanding Z-pinch or any pulsed plasma. Thus, a modified version of the Langmuir 
probe, called the triple Langmuir probe (TLP), must be used. The TLP can measure transient 
plasma phenomenon to capture the electron density and temperature [25].  
  The probe was placed on a transfer arm mounted to the zero degree port in Figure 3.2. 
This position measures the largest flux of particles due to the forward scattering nature of the z-
pinch expansion and ensures accurate representation of the pinch plasma. The TLP itself is made 
of a multi-bore ceramic tube with tungsten wires fed through the apertures. The ceramic is used to 
isolate the conductive elements from the plasma while the choice of materials accounts for the 
high thermal load that must be endured inside of a plasma. An assumption made is that the wires 
are measuring the same plasma due to the tube only being a quarter inch in diameter.   
 Triple probes operate by measuring three points simultaneously on the typical I-V curve 
used for Langmuir probe analysis. One wire is left at floating potential (V2). A positive bias is 
placed on another wire (V1) such that it is positive relative to floating (V2). This ensures that the 
wire is in the electron saturation region of the I-V curve and collecting electron current.  The last 
wire is biased negatively to be in the ion saturation region (V3) collecting ion current. For TLP 
analysis the following assumptions are made: the plasma in Maxwellian, the sheath is collisionless 
and thin, and there is no magnetic field. For the Z-pinch, as pressure increases the collisions should 
ensure that the plasma is Maxwellian when it reaches the probe tips. Unfortunately, as the pressure 
increases the collisionless, thin sheath assumption is not valid but there is no collisional triple 
Langmuir probe theory in existence as of this writing. Finally, the triple Langmuir probe 
measurements are taken during the pinch expansion phase when there is no external magnetic field.  
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The electron temperature and density can be found by solving the following equations. 
Equation 3.1 is a transcendental involving the probe voltages that must be solved iteratively in 
order to obtain the electron temperature. Then it is a simple matter of plugging the temperature 
into the density equation along with the ion saturation current and some fundamental parameters 






















     Eq. 3.2 
 A battery bank is used to bias the positive and negative electrodes. This simplifies the 
equations as well, giving a constant value for V1 – V3. The majority of error in a triple Langmuir 
probe comes from the choice in battery bank voltage. The large range of pressure and distances 
from the pinch resulted in battery voltage changes nearly every new position/pressure. The lowest 
voltage used was 27 V while the largest was 108 V. The lower voltage was used for measurements 
in high current regimes such as low pressure and close to the pinch as these cases have larger 




CHAPTER 4: THEORETICAL ANALYSIS 
 
4.1 AMBIPOLAR DIFFUSION 
 
Plasma lifetime in a given system is dictated by the plasma transport. In the case of 
XCEED, the pulsed plasma undergoes ambipolar diffusion. Ambipolar diffusion is defined by the 
much lighter electrons flowing faster than the heavier ions, creating a charge imbalance and 
ultimately an electric field that accelerates the ions. [26] Thus, the ions diffuse faster than classical 
transport dictates.  
 Starting with the general momentum conservation equation, neglecting acceleration, inertia 
and externally applied forces: 
𝑞𝑛?⃗? − ∇𝑝 − 𝑚𝑛𝑣𝑚?⃗? = 0     Eq. 4.1 
with q being the fundamental charge, n the number density, ?⃗?  the electric field that develops 
between the charged species, p the pressure, m the species mass, 𝑣𝑚 the momentum transfer 
frequency, and ?⃗?  the drift velocity. Assuming an isothermal plasma (Eq. 4.2), using the definition 
of mobility (µ) and diffusion coefficient (D), and solving for 𝑛𝑢⃗⃗ ⃗⃗  , or flux, Eq. 4.5 comes out.  








      Eq. 4.4 
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Γ =  ±𝜇𝑛?⃗? − 𝐷∇𝑛     Eq. 4.5 
A typical assumption to make during the ambipolar diffusion derivation is that the flux of electrons 
equals the flux of ions at steady state, or at a time scale sufficiently large enough that the ions can 
accelerate due to the initial space charge development caused by the fastest electrons. [27] Also 
assuming quasineutrality and equating the fluxes: 
𝜇𝑖𝑛?⃗? − 𝐷𝑖∇𝑛 =  −𝜇𝑒𝑛?⃗? − 𝐷𝑒∇𝑛    Eq. 4.6 
Note the minus sign in front of the electron mobility that accounts for the negative charge. Now 






      Eq. 4.7 




∇𝑛 =  𝐷𝑎∇𝑛    Eq. 4.8 
Once the ambipolar diffusion coefficient is known, the time of flight to arrive at a particular 
distance is a simple matter according to: 
𝑡 =  
<𝑧2>
𝑄𝐷𝑎
     Eq. 4.9 
Q in this equation is a dimensionality factor equal to 2, 4, or 6 for 1, 2 or 3 dimensional diffusion, 
respectively. The model developed for this thesis used a dimensionality factor of 6. The distance 
z corresponds to the axial distance traveled for time t. This time t will correspond to the time where 
the peak of each triple Langmuir probe trace is found at a given condition. If the masses, 
temperatures and momentum transfer frequencies all species are known, the diffusion time for a 




4.1.1 Analysis Modifications  
 
While the derivation of the ambipolar diffusion time is relatively straightforward, there are 
additional considerations that better account for the pinch experiments conducted in XCEED. The 
pinch gas feed is continuous so that background gas is always a mixture of hydrogen and the pinch 
species. To properly account for collisions of the pinch ions with multiple species, an additional 
step is taken to correct the ion mobility. In addition to this, the ion momentum transfer frequency 
influences the diffusion time heavily through the modification of both the ion mobility and 
diffusion coefficients. This frequency can be found in Eq. 4.10 and depends greatly on the ion-
neutral cross section for each species. Properly calculating this momentum transfer cross section 
(𝜎𝑖−𝑛) is essential. 
𝑣𝑚,𝑖−𝑛 = 𝜎𝑖−𝑛𝑛𝑛v̅𝑛     Eq. 4.10 
Where i denotes the pinch ion species, n denotes the neutral species (hydrogen or pinch), and v̅𝑛 
is the thermal velocity of the background gas at 293 K. The neutral density nn is given by the ideal 
gas law (Eq. 4.11):  
𝑝 = 𝑛𝑘𝑇     Eq. 4.11 
 To calculate the cross-section, classical scattering theory is used to determine the 
appropriate parameters. The initial and final conditions of the particles in an elastic scattering event 




Figure 4.1:The center of mass frame of an elastic scattering collision is shown with both the initial and final conditions. The 
collision occurs between an incident particle of mass m and velocity v-vcom and a particle at rest with mass M and velocity vcom.  
 The center of mass (COM) frame is useful as energy and angular momentum are conserved. 
In Eq. 4.12 Ecom is the COM total energy of the elastic system, V(r) is the interaction potential 
between the two particles, mr is the reduced mass, b is the impact parameter and v is the velocity 
of the incident particle. All “primed” quantities are post-collision. 




′2 + 𝑟2𝜙2)     Eq. 4.12 
𝑣𝑏 = 𝑟2𝜙′      Eq. 4.13 
A more detailed derivation can be found in these references [1] [20]. The resulting 
equations are shown below and can be computationally solved and depends only on the impact 
parameter and interaction potential. The interaction potential was built using a modified Lennard-
Jones potential for the attractive potential and an Abrahamson potential to account for repulsion 
[1]. There is a fitting parameter that is somewhat arbitrary. This fitting parameter used to match 
the slopes of each potential to make it a continuous function as opposed to piece-wise. The 
resulting error for the eV to keV range of energies is not large [20]. The combined potential is 
31 
 
shown in Eq. 4.14 and has been used to describe Z-pinch-background gas collisions at these 
energies in reference [20].  










]    Eq. 4.14 
Continuing to the calculation of the cross section using reference [20], the result for all 
pinch-background combinations is shown in Figure 4.2. As expected at higher energies the pinch 
ion will be less likely to undergo an elastic collision with the background. Below a certain 
threshold, in this case taken to be about 1 eV, the ion has a high probability of backscattering. This 
is disregarded in this analysis because the average ion will forward scatter and reach the probe tip.   
 
Figure 4.2: Calculated elastic cross-sections assuming a maximum impact parameter for the forward scattering case. The self-
collision cross sections are similar as are the gas-H2 cross sections leading to a similar behavior in the results. 
 Blanc [28] supplies an empirical relation for individual ion mobilities to achieve an 
effective ion mobility in a multi-species medium. It has been shown that Blanc’s law is applicable 








𝑗      Eq. 4.15 
The effective mobility is on the left side of the equation. The right side is a summation of the 
fractional concentration of species j (x) over the “pure” mobility of the gases. The summation of 
xj over all species equals unity. An obvious result is that as the partial pressure of hydrogen 
increases across experiments, the mobility is dominated by the ion-hydrogen mobility since the 
pinch gas partial pressure remains constant. This will help to better capture the pressure trend. 
 
4.1.2 Example Calculation  
 
 An example calculation will be detailed to help illustrate the method used in this thesis. 
The calculation will be performed for a nitrogen pinch (inherently 10 mTorr of pinch gas) into 1 
torr hydrogen at an axial position of 30 cm. The initial ion temperature is assumed to be 2 keV to 
account for ambipolar acceleration/coulombic explosion in the moments just after the pinch. The 
electron and ion collision frequencies are then calculated using Eq. 4.10. The cross-sections are 
looked up from the data used in Figure 4.2 and Figure 4.8. For this calculation, this results in e-
N2, e-H2, N
+-N2
 and N+-H2 frequencies of 3.15E7 Hz, 2.22E9 Hz, 1.80E6 Hz, and 7.50E7 Hz, 
respectively. Equation 4.3 is then used to calculate the mobility of each charged species with 
respect to the neutrals. Using Blanc’s law (Eq.4.15) the effective electron and ion collision 
mobilities are 79.726 m2/(V-s) and 0.093 m2/(V-s).  The diffusion coefficients for ion and electrons 
are calculated using the Einstein relation in Eq 4.4. These come out to 18.56 m2/s and 15, 945 m2/s 
for ions and electrons, respectively. Finally using Equation 4.7 the ambipolar diffusion coefficient 
is calculated as 37.0 m2/s. Using Equation 4.9 and the distance of 30 cm, the ambipolar diffusion 
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time is calculated to be 1.21 ms. Compare to Figure 5.12 to see that the measured value (read off 
of the TLP trace as explained later) is near that exact value. 
 
 
4.2 PINCH PLASMA COMPONENTS  
 
Mentioned in section 2.3, by the time any measurements are made on the Z-pinch plasma 
it has already undergone an expansion process out of the pinch cathode. First to come are photons 
followed by electrons in the keV range. Next are keV electrons affected by the ambipolar electric 
field set up between them and the ions and then the aforementioned fast ions. Finally the bulk 
plasma arrives at the probe. This section will go into these components in more detail and discuss 
any possible interactions that may occur before reaching the triple Langmuir probe. Since the 
electron and ion sections will cover all interactions the bulk plasma may have, there is no section 
dedicated solely to it.  
 As noted in section 3.2.1, there is a constant 10 mTorr background pressure of pinch gas 
for all tests. This is because the gas flow to create the pinch is constant. When zero mTorr of 
hydrogen is stated, that means there is no hydrogen added to the chamber. There is still 10 mTorr 
of pinch gas. Calculations have taken this into account as noted in section 4.1.1. Pressures given 




Figure 4.3: Example density curve from a triple Langmuir probe measurement of the Z-pinch with no added hydrogen.. The first 
two peaks are the fast electron peaks. Following that is the fast ion peak. Finally the bulk plasma arrives at the probe. 
 
Figure 4.4: Example density curve from a triple Langmuir probe measurement of the Z-pinch with 1 Torr H2 pressure. The first 
two peaks are the fast electron peaks Following that is the fast ion peak. Finally the bulk plasma arrives at the probe. It seems 
that the fast ion peak and bulk plasma peak have somewhat merged, leading the peak numbering to possibly be invalid. There is 




The first peak is assumed to be from the fast pinch electrons. The next peak is the fast 
electrons which are affected by the electric field created by the ions traveling behind them. The 
third peak is the fast ion peak where ions are pulled and accelerated by those keV electrons in the 
second peak. Finally, the fourth peak is the bulk plasma peak. At higher pressures it seems that the 
fast ion peak either decreases in magnitude or blends in with the bulk plasma peak due to collisions. 
Right before 1 ms there appears to be a secondary plasma peak. This could be slow/thermalized 
ions or perhaps even a secondary plasma that was formed.  
 
4.2.1 Photons  
 
 After the pinch is created, the first particles released are the photons. These photons are 
ejected in an isotropic distribution and travel into the chamber. If there is enough gas present, the 
photons can scatter/attenuate or even photoionize the gas.  
The calculation of these photon-induced phenomenon starts with several assumptions: 75% 
of input energy is converted into photons in the range of 25 nm (50 eV) to 250 nm (5 eV) or VUV 
photons, 1% goes into EUV photon creation in the range of 10 nm (125 eV) to 25 nm (50 eV), and 
there is a uniform emission spectrum across the aforementioned ranges [20]. These calculations 
were carried out in the previous work with pressures from 0.3 mTorr to 22 mTorr. One last 
assumption that is made is that photons do not interact with background gas. According to the 
NIST X-ray Transmission model [31], when the background approaches industrial pressures there 
is significant attenuation from about 25 to 75 nm (Figure 4.6). The 13.5 nm wavelength is not 
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attenuated at all by this amount of hydrogen which lends credence to its usage in commercial 
devices.  
 





Figure 4.6: Photon transmission over 0.2 m of 1 Torr H2. EUV photons of interest are of wavelength 13.5 nm. Taken from 
reference [31] 
Taking photonic flux measurements from reference [24], per pulse there are 4.365E16 
photons and 8.029E16 photons generated for N2 and Ar, respectively. Considering the photo-
electric effect for a moment, there may be sufficient photon flux on the walls to eject electrons and 
create a contribution to the electron peaks. An assumption to be made is that all photons reach the 
wall (ignoring probe absorption, ionization or excitation events in the plasma or background). For 
an electron to be ejected, the incident photon must have enough energy to overcome the work 
function of the wall material (typically around 5 eV) [32]. All photons considered in this work 
have the required energy. In general, the number of electrons ejected per incident photon is from 
10-3 up to 10-1 [32]. Assuming a maximum value of 0.1 electron per incident photon, the photo-
electron density in the chamber would be 7.5E10 cm-3 and 1.38E11 cm-3 for N2 and Ar. Comparing 
peaks at different pressures, these seem to be relevant at pressures near 1 Torr. However it must 
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be remembered that as pressure increases the attenuation of the photons also increases. According 
to Figure 4.6, the majority of DUV photons in the 20-70 nm regime see some form of attenuation 
at just 20 cm from the pinch (20 cm being a typical Langmuir probe distance). For the side and 
back walls there would be even more attenuation. This attenuation would presumably be a large 
factor in secondary plasma formation due to photo-ionization (discussed later).  
The industrial implications are different, however. An LPP would have at least an order of 
magnitude more photons released than a DPP. For rough estimates of 10 times more photons, 90% 
photons hit the walls, and a chamber volume of 0.4 m3, about 10
11 cm-3 electron density is 
introduced from the walls. Industry operates at 80 kHz compared to the 1 Hz used in this paper, 
leading to ~1013-15 cm
-3 per second (assuming 10-3-10-1 ejected electrons per photon), a significant 
contribution to any secondary plasma in the chamber. This would greatly affect debris transport in 
industrial systems. 
To examine photo-ionization in the background gas, a probe distance of 20 cm is assumed. 
Using the aforementioned photon measurements from reference [24] results in fluxes of 8.684E12 
photons/cm2 and 1.597E13 photons/cm2 reaching each probe tip in N2 and Ar at an axial distance 
of 20 cm. The number of electrons per pulse generated by photoionization is given by Ne, photo = 
ΓσNn, where Γ is photon flux, σ is the photo-ionization cross-section of H2, given in Figure 4.7, 




Figure 4.7: Photoionization curve for reaction H2 +hv => H2+. There is no data at the EUV wavelength. This corresponds to the 
transmission graphs that show 0% absorption of EUV photons by hydrogen. Taken from reference [33].  
Table 4.1 and Figure 4.4 give the densities of the photon-induced plasma at the pressures 
relevant in this work. The zero H2 pressure case is ignored. The peak cross section was assumed 
for all photons, so this table leads to an overestimation. Due to this assumption, the secondary 
electron density depends only on the background density. At 1 Torr the first peak is only on the 
order of 1012 e/cm3. The values given in the table are the total amount of secondary electron density 
creating per pulse. Comparing that to either triple Langmuir probe trace, if these electrons reached 
the probe at a single point in time they would be significant. The actual result is they will contribute 
to increasing the bulk plasma peak over its duration but can sufficiently be said to be insignificant 
even when using the overestimating assumptions.  In an LPP, however, 105 more photons are 




Table 4.1: Photon-induced secondary electron density per pulse versus pressure for argon at 20 cm. 
Ar 50 mTorr 100 mTorr 500 mTorr 1 Torr 
 Ne, photo [cm
-3] 2.90 E11 5.79 E11 2.90 E12 5.79 E12 
  
Table 4.2: Photon-induced secondary electron density per pulse versus pressure for nitrogen at 20 cm. 
N2 50 mTorr 100 mTorr 500 mTorr 1 Torr 
 Ne, photo [cm
-3] 1.58 E11 3.15 E11 1.58 E12 3.15 E12 
  
4.2.2 Fast Electrons  
  
After the photons, highly energetic electrons leave the pinch cathode. The high energy tail 
of the distribution lies in the keV range resulting in of up to ~0.17c for a small portion of the 
electron population. Comparing the peaks of Figure 4.3 and Figure 4.4, it is clear that at higher 
pressure the magnitude of these peaks fall. The peaks also broaden, most likely due to elastic 
collisions with the background gas. Increasing the background pressure by three orders of 
magnitude has a significant effect on the electron transport. Compared to the first peaks, the bulk 
plasma peak decreases by a larger amount when pressure is increased.  
Considering that the pinch creates a population of 1020-22 electrons/cm3 to achieve EUV, 
due to plasma expansion this becomes 2.81E 13-15 cm-3 at 20 cm. This correlates well with the 
experimental data in Figure 4.3. A rate for secondary plasma formation can be calculated using the 
formula R = <σionve>neNn - <σrecombv*>neni .  Sigma is the cross section for ionization or 
recombination, ve is the average velocity, ne is the electron density, Nn is the neutral density, ni is 
the ion density, and v* is the relative velocity between electrons and ions. The average velocity is 




0.5, was instead used to account for ambipolar diffusion. For the electron density, a value 
of 1E12 cm-3 was picked from the bulk plasma peak in the experimental data for Argon at 1 Torr. 
Since this is a pulsed plasma, the peak density is only for the duration of 25 microseconds and this 
peak width must be taken into account in the calculation. Looking at only the electron reactions 
(Figure 4.8), the ionization probability is higher at lower energy. The pinch temperature of 30 eV 
(energy of 45 eV) is right at the peak of the ionization cross section curve and will be used for the 
average cross section (1E-20 m2). Neutral density will be used at 1 Torr as this would have the 
greatest number of ionization events. The calculation results in a secondary plasma rate of 
7.083E13cm-3-per-pulse. This is significant in the scope of this work, as it attributes to the bump 
seen, but it would be more important in industrial applications that see ~105 pulses per second.  
 
Figure 4.8: Electron-hydrogen cross sections: (1) elastic, (2) ionization, and (3) effective or total. There is a peak in the 
ionization cross-section at the bulk plasma temperature of 30 eV. Accelerated electrons above 30 eV are more likely to ionize 




4.2.3 Fast Ions   
  
 Next are the fast ions that are pulled by the ambipolar electric field generated due to the 
charge separation of the fast electrons leaving the pinch. These ions reach keV energies and can 
cause damage to the collector optics without any buffer gas or mitigation system. Buffer gas has 
been shown to reduce these ion energies, but the energy that is deposited into the gas changes the 
transport properties of these ions and can potentially create a secondary plasma. Ion-impact 
ionization has been shown in previous work to be too low a contribution [20] with momentum loss 
or charge exchange as more likely culprits for the temporal peak shift.  
 The charge transfer cross section of Ar+ + H2 => Ar + H2
+ is shown in Figure 4.9. Only 
singly ionized Argon cross sections were found. A calculation can be performed similar to the 
result in the previous section. Assuming a value of 1E-19 m2 for the cross section, there is an even 
larger rate of 7.083E14 H2
+/cm3-per-pulse for argon-hydrogen charge transfer. This suggests that 
ions have a larger influence on secondary ion formation but the validity of Figure 4.9 at the 
energies in question is uncertain. The bulk plasma temperature of 30 eV seems to be in the 
undetermined region of the plot. Previous work from CPMI [22] suggests that fast neutral flux 
from the pinch is larger than the ion flux measured. This charge transfer calculation suggests a 
peak of the order of 1014 fast neutrals/cm3 being created which is indeed greater than the 1012 
ions/cm3 density that has been measured. Considering the keV ions accelerated by the ambipolar 
electric field, they have a higher charge exchange cross-section than the bulk plasma peak. Due to 
the large background gas atoms at 1 Torr there is a significant fast neutral population even at the 
closest probe distance of 15 cm.  
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The secondary bump may also be due to slow, thermal ions that have lost momentum due 
to many collisions with the background. The momentum transfer of Ar+-H2 is also around 10
19 m2 
and even increases as ion energy decreases (Figure 4.2). In this case these would still be argon ions 
being measured. 
 
Figure 4.9: Ar+ + H2 charge transfer cross section comparisons from various sources. While the data is rather inconsistent, the 
drop off at ion energies of interest (30 eV for the bulk plasma) is the same. Ions accelerated by the ambipolar electric field into 





CHAPTER 5: EXPERIMENTAL RESULTS AND DISCUSSION 
  
To simplify the display of experimental data and provide clarity, the bulk plasma peak 
diffusion times were measured visually and then compared to the expected ambipolar diffusion 
time from the model. An example is provided below with the subsequent comparison. The trace 
for each condition is plotted together, as in Figure 5.1. Using the theoretical ambipolar diffusion 
times for the model and the knowledge of fast electron/ion peaks, Any secondary peak (peak that 
may be due to secondary plasma) is noted as well. This secondary peak is normally a slight bump 
on the later half of the bulk peak (as seen in the 30 cm trace below). Rarely, there are multiple 
secondary bumps but only the first one is noted. Due to the human error introduced by this process, 
20% error in time measurement has been noted as an error bar. In a later section the error analysis 





Figure 5.1: Experimental triple Langmuir probe measurements of electron density at various axial positions. There was no 
hydrogen added, only the 10 mTorr of pinch gas necessary to operate. Black arrows have been inserted to show the bulk plasma 
peak for each trace. Each black arrow is outlined in the color of the trace it corresponds to. The grey arrow is a possible 
secondary plasma peak, but with no added hydrogen it seems unlikely. The bump was not able to be seen in subsequent traces but 





Figure 5.2: Comparison of theoretical ambipolar diffusion time and measured peak diffusion time for the zero mTorr case in 
nitrogen (10 mTorr actually). An example of the theoretical analysis is given in Chapter 4. The experimentally measured peaks 
are taken visually by looking at the center-time of each peak (the arrows) from Figure 5.1. Error bars are 20% for the human 
error introduced in visually analyzing the traces. 
As noted in section 3.2.1, there is a constant 10 mTorr background pressure of pinch gas for all 
tests. This is because the gas flow to create the pinch is constant. Calculations have taken this into 
account as noted in section 4.1.1. Pressures given in subsequent graphs are H2 background 
pressure. Even at 0 mTorr H2, there is 10 mTorr of gas (solely pinch) and is taken. For reference, 
the tables below hold the calculated diffusion coefficients and mobilities used in the graphs. 
Table 5.1: Calculated ambipolar diffusion coefficients and mobilities from the model and used in calculating the theoretical 





0 mTorr H2 1480.50 3.83 111.49 
50 mTorr H2 726.26 2.01 18.58 
100 mTorr H2 359.82 0.99 10.14 
500 mTorr H2 69.00 0.19 2.19 




Table 5.2: Calculated ambipolar diffusion coefficients and mobilities from the model and used in calculating the theoretical 





0 mTorr H2 532.13 1.35 111.49 
50 mTorr H2 347.3 0.91 18.58 
100 mTorr H2 174.55 0.46 10.14 
500 mTorr H2 33.52 0.087 2.19 
1000 mTorr H2 16.62 0.043 1.10 
 
5.1 INFLUENCE OF PROBE DISTANCE FROM PINCH 
 
 The expected trend is that as distance from the pinch increases, the bulk plasma peak will 
arrive later. This would result in a linear trend. Not only does the physical distance result in a later 
time, but the amount of collisions the particles undergo increases. This would result in a trend that 
is more quadratic or exponential in nature. Elastic collisions will cause the distribution to become 
more Maxwellian making the model predictions more accurate at longer distances. On the other 
hand, the increase in inelastic collisions (ionization and excitation events) can shift the plasma 




Figure 5.3: Comparison of theoretical ambipolar diffusion and measured peak arrival versus axial distance at 0 mTorr H2 with 
an argon pinch. As distance increases the peak arrives later due to distance. The trend is not linear because the number 
collisions increase as distance increases. 
With no added hydrogen the plasma arrives at the probe tips at the times the ambipolar 
diffusion model predicts (within error). Taking a brief detour to examine this validity of these 
results, recall the model explanation and the definition of ambipolar diffusion. The pinch produces 
a distribution of ions and electrons centered at 30 eV. The fast electrons pull ions and accelerate 
them due to the electric field that develops when the electrons leave first. These ions are 
accelerated to hundreds of eV or even keV energies. If, instead, the model used the bulk 
temperature as the ion/electron energy at which they are diffusing, the result would be Figure 5.4: 
If the model did not assume the ambipolar acceleration of ions, the resulting diffusion time would 





Figure 5.4: If the model did not assume the ambipolar acceleration of ions, the resulting diffusion time would look like the above 
figure. Comparing it to the 0 mTorr data, it is obvious that these are significantly off.  
The diffusion times are significantly longer at each axial distance. The bulk plasma is 
obviously accelerated by ambipolar electric fields that develop over the duration of the pinch 
expansion. These accelerating forces result in higher velocities as the pinch travels across further 
distance. This explains the leveling off of the trend as the probe increases distance from the pinch. 
At a certain distance the fast ions/electrons would be too far away from the bulk plasma to create 
a significant electric field and the plasma would lose that extra ambipolar acceleration. The time 




Figure 5.5: Comparison of theoretical ambipolar diffusion and measured peak arrival versus axial distance at 50 mTorr H2 with 
an argon pinch.  The theoretical values seem to be off by more like 75% error at 25 cm.  
 While the trend is similar for the theoretical and measured diffusion times at 50 mTorr, the 
error is greater than 20% for each data point but still easily within an order of magnitude. As 
pressure increases, the diffusion model is more accurate. One possibility is that the ions are 
accelerating to energies smaller than what the model assumes at these pressures. This could be due 
to inelastic collisions affecting the model, slowing the population more than predicted. These are 





Figure 5.6: Comparison of theoretical ambipolar diffusion and measured peak arrival versus axial distance at 100 mTorr H2 
with an argon pinch.  The measured times align more closely to the predictions at this pressure than at 50 mTorr.  
 
Figure 5.7: Comparison of theoretical ambipolar diffusion and measured peak arrival versus axial distance at 500 mTorr H2 
with an argon pinch.  Secondary plasma peaks are also plotted with their own 20% error bars.  The times do indeed increase 




Figure 5.8: Comparison of theoretical ambipolar diffusion and measured peak arrival versus axial distance at 1 Torr H2 with an 
argon pinch.  The secondary plasma peaks are plotted with their own 20% error bars. The largest pressure has the longest 
diffusion times, corresponding to the increase in elastic and inelastic collisions with the background gas.  
 The predicted trend seems to not only be accurate but the data follows ambipolar diffusion 
closely. The secondary peaks also follow a similar trend, suggesting that perhaps the secondary 
hydrogen plasma is also following ambipolar diffusion. As these secondary electrons are created, 
they may be accelerated by the potential difference between them (with a lower electron 
temperature and thus plasma potential) and the bulk plasma with its higher potential. The longer 
the distance, the more time they have to accelerate, leading there to be less of a gap. For example, 
in Figure 5.8, at 15 cm the secondary peak takes 293% the time the bulk peak takes to arrive at the 
probe. This decreases to 283%, 218%, and 171% for each subsequent axial distance. The larger 
the flight distance, the more the ambipolar electric field effects both peaks, but this also competes 




5.2 INFLUENCE OF BACKGROUND GAS PRESSURE 
 
 The same trend is expected as the previous section due to increased collisions as pressure 
increases. The increase in elastic collisions would drive the pinch plasma closer to a Maxwellian 
distribution and make the triple Langmuir probe more accurate. Eventually the collisionless thin 
sheath theory is then made invalid which introduces its own error. The increase in inelastic 
collisions would have the opposite effect at high pressure and potentially cause the measured times 
to be later than predicted.  
 
Figure 5.9: Comparison of theoretical ambipolar diffusion and measured peak arrival versus pressure at 15 cm in nitrogen. As 




Figure 5.10: Comparison of theoretical ambipolar diffusion and measured peak arrival versus pressure at 20 cm in nitrogen. As 
hydrogen pressure increases, the accuracy of the ambipolar diffusion model increases. 
 
Figure 5.11: Comparison of theoretical ambipolar diffusion and measured peak arrival versus pressure at 25 cm in nitrogen. As 
hydrogen pressure increases, the accuracy of the ambipolar diffusion model increases. The same inaccuracy at intermediate 





Figure 5.12: Comparison of theoretical ambipolar diffusion and measured peak arrival versus pressure at 30 cm in nitrogen. As 
hydrogen pressure increases, the accuracy of the ambipolar diffusion model increases. The same inaccuracy at intermediate 
pressures (50, 100 mTorr H2) is seen as in Argon. 
The accuracy of the model of the nitrogen pinch does increase with larger hydrogen 
pressures. Compared to the argon pinch in the previous section, the data at 50 and 100 mTorr is 
much more inaccurate, especially at longer distances. This may be due to a larger number of 
inelastic collisions for nitrogen compared to argon. Unfortunately, as previously stated in Section 
4.2.3, the nitrogen-hydrogen cross sections of interest were not able to be found. The data suggests 
that the charge exchange cross-section is higher for N-H2 than for Ar-H2. From an energy transfer 
perspective, this is an expected trend. The closer the two particles are in mass, the more energy 
can be transferred between the two. There might even be ionization events (N+-H2 => N
+-H2
+) 
occurring due to larger energy transfer. There is significantly more momentum transfer occurring 
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with the N-H2 elastic collision than with the Ar-H2 scattering event. Calculating the projectile 





𝑣1     Eq. 5. 1 
The projectile velocity after the event is v’ with “1” denoting the projectile and “2” denoting the 
target which is hydrogen in this case. For each elastic collision this factor is 0.75 for nitrogen and 
0.9 for argon. Thus, for the same amount of collisions, nitrogen loses more velocity than argon. A 
direct comparison is difficult as the cross-section for argon is slightly higher over all energies. This 
will be investigated further in the next section. 
5.3 INFLUENCE OF BACKGROUND GAS SPECIES 
 As explained earlier, it expected that for the same number of collisions nitrogen would lose 
more velocity and thus be slower to reach the probe tip. Another factor is that the cross-section of 
argon being higher, resulting in more collisions. It is difficult to quantify the number of collision 
events that the bulk plasma goes through as this can vary wildly with pressure and distance. One 
last factor that would affect the number of collision events between the gas species would be the 
inherent magnitude of the velocities. Nitrogen, being a factor of 3 lighter than argon, will travel 
faster through the volume. It will also react slightly faster to changes in the electric field than argon 




Figure 5.13: Experimental peak values for both argon and nitrogen as a function of pressure. At 20 cm there is almost no 
distinction between the two. 
 
Figure 5.14: Experimental peak values for both argon and nitrogen as a function of pressure. Nitrogen is slower to reach the 
probe tip at 30 cm for 50 mTorr and 100 mTorr. As pressure increases argon has now become slower than nitrogen until they are 
nearly the same again at 1 Torr. 
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 At small distances (20 cm for example) there appears to be nearly no difference with most 
pressures until a small separation at 1 Torr. Larger distances are a different matter. Once 
background gas is introduced, nitrogen slows down considerably from collisions (at 50 and 100 
mTorr). With even more collisions as pressure increases, argon now becomes the slower peak (at 
500 mTorr). The increased momentum transfer cross section is the most likely factor in this 
behavior. Finally, at 1 Torr the peaks have nearly the same diffusion time with argon being slightly 
slower. It is unclear what the contributing factor that has changed the behavior from 500 mTorr 




Figure 5.15: Measured diffusion times for argon and nitrogen versus distance from the pinch. For the case with no added 




Figure 5.16: Measured diffusion times in 100 mTorr of hydrogen. Argon and nitrogen bulk peaks are compared versus axial 
distance. Nitrogen is slightly slower as distance is increased, validating the momentum transfer argument given earlier.  
 
Figure 5.17: Measured diffusion times in 100 mTorr of hydrogen. Argon and nitrogen bulk peaks are compared versus axial 
distance. Secondary plasma peaks are also compared for each pinch gas. 
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With no added hydrogen the pinch gases behave similarly. At small distances the argon 
mass slows the ions down leading to less acceleration of the bulk plasma compared to the nitrogen 
pinch. As distance increases the argon is able to accelerate and achieve energies similar to the 
nitrogen pinch. At 100 mTorr H2, the peaks are similar at small distances. As distance increases, 
with the number of collisions also increasing, nitrogen loses more momentum compared to argon. 
The trend is consistent for each of the subsequent axial distances.  
At 1 Torr the argon and nitrogen peaks there is no clear trend in the bulk peaks. They have 
similar behavior, except at 20 cm, but this is close to 40% error between the two, which isn’t too 
significant. The interesting trend occurs in the secondary plasma peaks that occur in both pinch 
gas’ traces at 1 Torr. At each distance the nitrogen vs argon secondary peaks have the same 
behavior as the argon vs nitrogen bulk peaks. The interesting trend is the secondary peaks are more 
similar as distance is increased. If these are indeed hydrogen plasmas formed from pinch collisions, 
then the behavior of the secondary peaks should be the same given the same ambipolar electric 
field. Indeed, at large distances this is the case. The secondary peaks are almost exactly the same 
at 30 cm. It is safe to say that the majority of the peak at those distances is hydrogen.  
5.4 ERROR ANALYSIS 
 Every measurement has some uncertainty associated with it. If the amount of error for a 
measurement is known the conclusions drawn can be that much more believable. Error analysis 
has been carried out for the triple Langmuir probe measurements. For a calculated value of u, 
consisting of x and y, the uncertainty can be calculated using the following equations commonly 
dubbed “error propagation”. 
𝑢 = 𝑥 ± 𝑦 ∶  𝜎𝑢 = √𝜎𝑥2 + 𝜎𝑦2    Eq. 5.2 
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   Eq. 5.3 






     Eq. 5.4 
 
Referring to the electron temperature measurement (Eq. 3.1), it is highly dependent on the 
battery bank voltage. This voltage was measured by a multimeter with an error of ± 50 mV. The 
differential probes used to measure the voltage differences have an error of ±500 µV. The error 
is dominated by the voltage bank error leading to measurement error of ~ 0.1 eV. This 
propagates to Eq. 3.2, along with the probe area error (±1.965E-5 m2) and current error of ±0.7 
µA for a typical 10 mA peak signal. Performing error propagation using the above equations, the 
electron density error comes out to be ± 2.44E11 cm-3 for a 30 eV temperature plasma with peak 
signal of 10 mA. A 1 eV plasma with 1 mA signal would be 1E11 cm-3. These are both 
considering an Argon plasma. 
 Other considerations for triple Langmuir probe error include the Maxwellian distribution 
assumption which is inherently not true for high energy electrons/ions. This high energy tail is 
what causes the temperature to go to infinity, causing a break in the data for the density (such as 
in Figure 4.3).  The collisionless thin sheath assumption is invalid at higher pressures. The 
collisional nature of the sheath causes the current drawn to be diminished in magnitude. Since 
TLP theory uses the collisionless equations, this leads to an underestimation of the electron 
density at higher pressures. This does not affect the peak times measured but does play a factor 
in the secondary plasma calculations from Section 4.2.  
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Finally, the error for the peak plasma times is a human error. The analysis process 
involves zooming in on the peak and finding the peak time using the x-axis. As the peak can 






CHAPTER 6: CONCLUSIONS 
 
6.1 CONCLUSIONS 
The goal of this research was to determine the origins of the variety of plasmas that are 
present within an EUV generating plasma source with a high background pressure. These EUV 
sources use large amounts of hydrogen to shield the precious collector optics from the energetic 
debris created from the LPP light source. While previous research has looked into the effects 
background pressure has on high energy EUV plasmas, industrial pressures used today are much 
higher than what has been previously evaluated. This research sought to extend this knowledge to 
high pressure (1 Torr). 
At low pressures the magnitude of electron densities measured was 1013-14 cm-3 which 
decreased to 1012-13 cm-3 at 1 Torr of hydrogen. At higher pressures secondary plasmas could be 
seen as a “bump” on the triple langmuir probe traces as late as a few milliseconds after the initial 
EUV plasma. Analysis done indicates that the main contributors to this are electron-impact 
ionization and ion-neutral charge exchange or momentum transfer. Both photoionization and the 
photo-electric effect were determined to be insignificant at the conditions evaluated in this work.  
The EUV plasma in a source (LPP) would generate more photons per pulse than the z-
pinch (DPP) used in this research. An industrial source operates near 100 kHz and would create 
about a million more photons per second than what was evaluated in this work. Even assuming 1 
kHz operational frequency, at higher pressures the ambipolar diffusion times measured and 
calculated are over 1 ms for a 30 cm travel distance. Considering that the EUV source is over 0.5 
m long, the diffusion times would be even longer per pulse, but the plasma would be sustained 
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between pulses. This would create a new problem of looking at diffusion through not just a 
background pressure of hydrogen but a hydrogen plasma. Theoretically, using previous work from 
CPMI, the light hydrogen ions would respond to the ambipolar field faster than the heavy Sn ions 
leading to a “screening” effect as shown in Figure 2.9. This would lead to shorter longer times and 
more overlapping plasma between pulses.  
6.2 FUTURE WORK 
 Continuation of this work can be divided into two parts: better realization of the actual 
commercial EUV conditions and more accurate modeling of the plasma-background interactions. 
This research looked at individual pulses of a DPP EUV source. While this source does emit EUV, 
the industrial sources use a laser to produce the requisite plasma. The laser hits a tin droplet so it 
not only is a different source element but the LPP is a tin vapor plasma, leading to different 
transport parameters. Another consideration is that the laser produced plasma evolves from a 
“disc”. The pre-pulse hits the tin droplet, forming a thin disc that has a higher conversion efficiency 
for EUV light. This disc will not have an isotropic distribution of species. This would affect the 
plasma distribution in the chamber.  
Yet another difference between industry and this work is the operation frequency of the 
industrial LPP compared to the XTS 13-35 source. The DPP can only be operated at a maximum 
frequency of 1 kHz and this work focused on a single pulse (at 1 Hz) to ensure there were no 
interactions between pulses. Even with this low operational frequency plasma diffusion times were 
in the milliseconds for industrial pressures. Industry operates at 10’s of kHz and will have 
interactions between each plasma pulse, complicating the transport even further with transient 
events. The ideal scenario would be to take langmuir probe traces in an industrial EUV source 
during operation. While triple langmuir probe data would give insight to the flight of the tin ions, 
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single langmuir probe data could read the steady state background plasma that develops at high 
frequency operation. 
To extend the model to industrial scenarios, the gas temperature must also be taken into 
account. Photons, plasma and high energy neutrals will heat up the background gas, cracking the 
hydrogen and changing the relevant momentum transfer and reactions. This temperature increase 
would change recombination coefficients on the walls as well. Multi-charge ions would also need 
to be taken into account as these are required to make EUV light (Sn8+-Sn12+). These ions would 
feel the ambipolar electric field even more strongly with an order of magnitude higher acceleration 
when compared to singly charged ions. Not only would multiple charge states need to be evaluated 
but the ion itself would be tin, with a mass of 118.71 amu, which would change relevant velocities 
and cross sections. In particular, the intermolecular potentials would need to be recalculated to 
derive the cross-sections.  
As mentioned earlier, the work must be scaled up to industrial operational frequencies 
which would make photoionization and the photo-electric effect relevant contributions to 
secondary electron densities. Measurements of the photon energy distribution (perhaps with a 
faraday cup) would make photo-ionization calculations more accurate. This would also help when 
looking at radiative heating of the gas as mentioned above.  
In the current work it is difficult to distinguish between different energies of the same 
species. It would be beneficial to measure the fast ion and electron populations by themselves and 
then look at the bulk populations of each. A way to do this would be to use a gridded energy 
analyzer (GEA). By tuning the bias voltages on the GEA plates, it is possible to screen out 
unwanted energetic species. This would be useful in identifying the major contributors to each 
peak of the triple langmuir probe trace and validating the theory given in chapter 4. As mentioned 
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earlier, the plasma will not have an isotropic distribution of species evolving from the LPP disc. 
The GEA can be used to determine the populations of energetic species throughout the EUV 
chamber. The distribution of ion species would be of particular importance because any high 
energy ions traveling toward the collector optic may cause damage. Neutral and ion fluxes would 
also deposit on the collector and need to be cleaned.  
 Finally, the ambipolar diffusion theory does not take into account inelastic collisions such 
as charge transfer, ionization and excitation events which would lead to shifts toward lower energy 
populations. A more thorough approach to this model would be to incorporate a particle-in-cell 
approach and follow the diffusion of the energetic species after creation. This would allow for 
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